The physiological and metabolic responses to gnd knockout in Escherichia coli K-12 was quantitatively investigated by using the 13 C tracer experiment (GC-MS/NMR) together with the enzyme activity analysis. It was shown that the general response to the gene knockout was the local flux rerouting via Entner^Doudoroff pathway and the direction reversing via non-oxidative pentose phosphate pathway (PPP). The mutant was found to direct higher flux to phosphoglucose isomerase reaction as compared to the wild-type, but the respiratory metabolism was comparable in both strains. The anaplerotic pathway catalyzed by malic enzyme was identified in the mutant, which was accompanied with an up-regulation of phosphoenolpyruvate carboxylase and down-regulation of phosphoenolpyruvate carboxykinase. The presented results provide first evidence that compensatory mechanism existed in PPP and anaplerotic pathway in response to the gnd deletion. ß
Introduction
Precise understanding of metabolic and physiological responses to individual gene deletion can provide deeper insights into the control and regulation of the central metabolism of an organism. In the case of Escherichia coli, such studies have been primarily focused on the deletion of certain genes in the Embden^Meyerhof pathway (EMP) [1, 2] . The pentose phosphate pathway (PPP), a major route of glucose utilization apart from EMP, has received less attention in regard to metabolic regulation. So far, no detailed information on the metabolic responses to PPP enzyme deletion is available except for certain phenotypic characterization [3, 4] . Therefore, the conclusions on PPP were merely drawn based on qualitative interpretation of these physiological analysis. To reveal cause and e¡ect relationships, however, it is important to further understand PPP in view of carbon £ux distribution and enzyme expression.
Recent advances in isotopic tracer experiment enable a more comprehensive analysis of cellular metabolism by way of labeled cellular amino acids which are detectable by either mass spectrometry (MS) [5] or nuclear magnetic resonance (NMR) spectroscopy [6, 7] . In the case of gene disruption mutants, however, an independent use of only one set of isotopic tracer data often could not ful¢ll the requirement of this complicated metabolic system, since either a rerouting of carbon £uxes or a reversing of primary direction might occur inside the mutants. To elucidate this complicated metabolic system, more information is therefore needed as compared with the study of its parent strain. The one possible solution is to combine 2D NMR tracer data with mass isotopomer analysis. Such combination increases considerably the information obtained, but necessitates a more complicated algorithm to incorporate tracer data from di¡erent sources into the metabolic network model; the other useful method is to introduce in vitro enzyme activity analysis to the network identi¢cation, by which the alternative pathways due to gene disruption could be qualitatively identi¢ed and then the £ux distribution analysis could be performed based on this identi¢ed network.
In the present study, we used complementary methods of 13 C tracer experiment (GC-MS and 2D NMR) together with in vitro enzyme activity measurement to quantitatively investigate the control and regulation of the PPP. We speci¢cally targeted the 6-phosphogluconate dehydrogenase (6PGDH) deletion, as this enzyme (coded by gnd gene) plays a key role in the PPP due to its location at the link between oxidative PPP and non-oxidative PPP as well as its involvement in NADPH formation. The disruption is expected to cause £ux rerouting and trigger the compensatory mechanism, from which the regulation of PPP could be quantitatively characterized and the metabolism in response to such variation could be clearly known. This could provide valuable information on the further gene engineering for the metabolic pathways.
Materials and methods

Strains and growth conditions
Two E. coli K-12 strains^wild-type BW25113 (lacI q rrnB T14 vlacZ WJ16 hsdR514 varaBAD AH33 vrhaBAD LD78 ) and its gnd gene knock-out mutant (JWK 2011)^were used throughout this study. The mutant was obtained by one-step inactivation of chromosomal gnd gene using PCR primers [8] and was further con¢rmed by PCR strategy and in vitro enzyme activity analysis.
All batch and chemostat cultivations were performed with the same minimal medium prepared as described previously [9] with the exception for glucose concentration: 5 g l 31 for batch cultivation and 4 g l 31 for chemostat culture. Batch and chemostat cultures were conducted at 37 ‡C in a 2-l reactor (Able Co., Japan) with pH controlled at 7.0. The air£ow was maintained at 0.5 l min 31 , and the dissolved oxygen (DO) concentration was kept above 30% air saturation. The dilution rate for chemostat culture was 0.2 h 31 . Labeling experiments were initiated after the chemostat culture reached a steady state, which was inferred from the stable O 2 and CO 2 concentrations in the o¡-gas and stable optical density in the e¥uent medium for at least twice as long as the residence time. The feed medium containing 4 g of unlabeled glucose per liter was then replaced by an identical medium containing the mixture of 0.4 g uniformly labeled glucose [U- 13 C], 0.4 g ¢rst carbon labeled glucose [1-13 C] and 3.2 g of naturally labeled glucose per liter. Biomass samples for GC-MS/NMR analysis were taken after one residence time, and the labeling measurements were corrected for the remaining original (non-labeled) biomass that was still present at the end of the labeling experiment [10] .
Analytical procedures
Cellular dry weight (CDW) was monitored by OD 600 and calculated from previously determined OD-to-CDW correlations. Glucose was determined with commercial kits (Wako Co., Japan). Acetate concentration was determined by HPLC (Waters Co., Milford, MA, USA). Protein concentration was measured by the method of Lowry et al. [11] . Physiological parameters were calculated as described previously [12] .
Preparation of crude cell-free extracts and analysis of key enzyme activities involved in the central metabolism were based on standard or modi¢ed enzymological methods [13] . Speci¢c Entner^Doudoro¡ (ED)-pathway activity was determined from the combined edd and eda reactions [2] .
Preparation of biomass hydrolysates and recording of GC-MS (Perkin Elmer) and 2D-NMR (Bruker) spectra were performed as described previously [9, 14] . The program Turbomass Gold (Perkin Elmer) was used for peak assignment and MS data processing. Skewing e¡ect of natural isotopes was corrected based on the algorithm proposed by Paul Lee [15] . In the case of the 2D-NMR spectra processing, the assignment of carbon signals was performed according to the previously described protocol [16] and the program WINNMR (Bruker) was used to quantify the relative contributions of singlet, doublet, and doublet of doublet signals to the overall multiplet patterns.
Mathematical modeling for £ux calculation
The metabolic network considered is based on Neidhardt et al. [17] and Internet-accessible EcoCyc as well as the additional enzyme activity analysis. The £ux calculation was accomplished by a full isotopomer model [18] together with a modi¢ed minimization model (Genetic algorithm plus Levenberg^Marquardt algorithm) as described previously [9] . The isotopomer model was used to simulate expected measurements as a function of a given set of intracellular £uxes. The best-¢t intracellular £uxes can then be estimated by minimization of the deviation between experimental data and the simulated results using an iterative scheme within the minimization algorithm. A set of intracellular £uxes (including net £uxes and exchange £uxes) that gives the minimum deviation can be taken as the best estimate for the intracellular £ux distribution. Matlab language (Math) was used to perform all these complicated calculations.
Results and discussion
Physiological response to 6PGDH deletion
To investigate the physiological e¡ects of 6PGDH deletion, batch cultivation was used to determine the exponential growth parameters of the wild-type and the mutant (Table 1 ). It was found that although a single de¢ciency in gnd has little e¡ect on the growth rate of E. coli on glucose, the two strains showed di¡erence with respect to glucose consumption as well as acetate production rates, both of which were higher in the mutant. The speci¢c oxygen consumption rate and CO 2 evolution rate varied little between two di¡erent cultures, indicating that there are only minor changes in respiratory metabolism. Although more glucose remained unutilized for the wildtype, the ¢nal cell concentration was almost the same in these two cultures. Accordingly, the apparent biomass yield (Y X=S ) was lower in the mutant in spite of very similar growth rates and respiratory activities. Hence, we conclude that the physiological consequences due to a gnd deletion are mainly manifested in reduced carbon utilization e⁄ciency. The fact that the gnd deletion can potentially be compensated for by cellular compensatory mechanism allows us to further investigate the metabolic response in view of enzyme expression and carbon £ux distribution.
Enzyme expression in response to 6PGDH deletion
To investigate the metabolic consequences of 6PGDH deletion, key enzymes participating in the central metabolism were measured from cells under the condition of the mid-exponential growth phase ( Table 2 ). It was shown that the levels of some key enzymatic activities varied greatly in these two strains. The signi¢cant e¡ect caused by gnd deletion is the activation of Entner^Doudoro¡ (ED)-pathway and induction of the malic enzyme, which was accompanied by an up-regulation in phosphoenolpyruvate carboxylase (ppc) and down-regulation in phosphoenolpyruvate carboxykinase (pckA). Moreover, higher enzyme activity involved in the conversion of glucose-6-phosphate to fructose 6-phosphate (phosphoglucose isomerase) was found in the mutant, indicating that more carbon substrates were directed to EMP. This is supported by the decrease in the level of glucose-6-phosphate dehydrogenase. Interestingly, the non-oxidative PPP was still active, although the entrance via 6PGDH had been blocked. Apparently, the non-oxidative PPP must then proceed in an opposite direction from fructose-6-phosphate and glyceraldehyde-3-phosphate. Isocitrate dehydrogenase and malate dehydrogenase activities were comparable in extracts of both strains, which is consistent with the ¢nding in the physiological analysis that there were only minor changes in respiratory metabolism when gnd was deleted.
Since in bacteria, glucose may take the route of catabolism via glucoseDgluconateDgluconate-6-phosphateD ED (so-called GCD pathway) [19] . To check if the EDpathway activity in the mutant was induced by GCD pathway, glucose dehydrogenase and gluconate kinase activity, which were responsible for the GCD pathway, were measured in the pellet fraction as well as in the supernatant fraction of the cell extracts. It was found that no GCD activity could be detected in both fractions, indicating that GCD pathway is inactive in the mutant. Although much valuable information on metabolic response to gnd deletion could be obtained from the enzyme activity analysis, the quantitative analysis of this metabolic consequence cannot usually be inferred from in vitro enzyme activities, since not all in vivo e¡ector concentrations are clearly known. In spite of this limitation, the enzyme activities o¡er the important information in identifying the induced reactions for mathematical modeling in the metabolic £ux calculation.
Metabolic £ux response to 6PGDH deletion
Here the 13 C tracer technique was used to obtain the detailed quantitative discrimination between the mutant and its parent strain. While exponential growth parameters and enzyme activities were obtained in batch cultures, metabolic £ux distribution was analyzed in chemostat cultures for the sake of isotopomer balance under the wellde¢ned steady state as required by the mathematical modeling [9, 10] . Despite this di¡erence in culture condition, since a physiological steady state could also be attained during the exponential growth phase in batch cultures [2] , the metabolic £ux analysis obtained from continuous cultures is expected to be able to interpret the cellular re- 
The simulated values are from the estimated £ux distribution given in Figs. 1 and 2 .
sponse as shown in the physiological and enzymatic analysis. The modi¢ed minimization algorithm was used to estimate net £uxes and exchange coe⁄cients on the basis of the experimental data. Totally 16 fragments from 10 cellular amino acids and 26 multiplet patterns from 10 carbons of 8 cellular amino acids were used for GC-MS and NMR spectra analysis. The deviation between experimental and predicted data is shown in Tables 3 and 4 . For brevity, only eight fragments from eight representative cellular amino acids are shown in the Table 3 with others omitted. In the case of all the data, there was no set of measurements with particularly large deviation between the predicted and the measured signals, proving that the mathematical modeling which rigorously considered the excessive information obtained with tracer experiments was reliable for characterizing the metabolic £uxes in vivo. There are two reasons for the relatively large di¡er- ence between measured and simulated values of the L carbon of His in 2D HMQC NMR. The one attributed to the low concentration of His after HCl hydrolysis of the biomass protein, which reduced the signal-to-noise of NMR acquisition characterized by relatively low sensitivity. The other ascribed to the interference of long-range 13 C^1 3 C scalar coupling on the measured one-bond 13 C^1 3 C scalar coupling [20] .
The best-¢t £ux distribution of two strains is given in Figs. 1 and 2 . Obviously, several noteworthy characteristics have been found by this quantitative description of the £ux distribution. In the case of the PPP, the gnd de¢-ciency elicited three important di¡erences between two strains. First, the wild-type directed 20% of total carbon £ux through the glucose-6-phosphate dehydrogenase, but the relative £ux was decreased to the half in the mutant. This reduction corroborates the tendency observed in the analysis of P. isomerase and glucose-6-phosphate dehydrogenase speci¢c activities (see Table 2 ). Second, the block of the 6PGDH pathway had consequence on the direction of the £uxes involved in the non-oxidative pathway. The highly reversible reactions catalyzed by transaldolase I, II and transaldolase were found in a direction opposite to those of the wild-type. Third, evidence for the presence of the enzymes of the ED-pathway was con¢rmed by the metabolic £ux analysis. These di¡erences are attributed to the function of PPP in the central metabolism. Since oxidative PPP is the main source for ribose and NADPH formation during the cellular metabolism, the blockage in 6PGDH reaction induced a compensatory mechanism within PPP to compensate for this disturbance. The existence of the ED-pathway could reduce the 6-phosphogluconate accumulation, thus keeping the glucose-6-phosphate dehydrogenase still active so as to produce NADPH for biosynthetic reactions. Normal cells produce ribose mainly via oxidative PPP, while the mutant utilized intermediates of EMP to synthesize ribose and E4P. In biochemistry, this pattern of ribose formation only took place when most of glucose-6-phosphate is converted to fructose-6-phosphate and glyceraldehyde-3-phosphate. This is strongly supported by the mutant with increased £ux entering EMP.
In addition to the £ux rerouting and direction reversing within PPP, another compensatory mechanism with respect to anaplerotic metabolism was induced by the gnd deletion. The inactivation of 6PGDH and the accompanied decrease in the £ux through glucose-6-phosphate dehydrogenase reduced the NADPH reaction. As we know, these two reactions are the main sources for NADPH supply inside the normal cells. Therefore, other NADPH-producing reactions were expected to be active so as to complement the reducing power used for the cell growth. In the gnd knock-out mutant, this supplement was manifested in the activation of malic enzyme, by which NADPH was produced using malate, an intermediate of the TCA cycle. This drain of carbon skeletons from the TCA cycle enabled the cells to respond to TCA carbon depletion by regulating the carbon £ux through ppc and pckA. This regulation was to respond to the depletion of OAA in the TCA cycle resulting from the increase of the carbon £ux by way of malic enzyme. To increase the net synthesis of OAA from phosphoenolpyruvate, ppc was therefore up-regulated and pckA was down-regulated in the mutant.
When considering all the £uxes that contributed to CO 2 production and consumption, the CO 2 evolution rate relative to the speci¢c glucose consumption rate for the wildtype and the mutant was 2.56 and 2.64, respectively, con¢rming that there is only minor di¡erence in respiratory metabolism between the mutant and its parent strain.
